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Self-discharge  and  transition  metal  dissolution  weaknesses  bother  the  application  of  LiNio.5Mn1.5O4 
cathode  material  due  to  the  severe  oxidation  of  electrolyte  at  the  high  voltage  state.  A  novel 
additive,  1-propylphosphonic  acid  cyclic  anhydride  (PACA),  is  desirable  to  prevent  this  oxidation.  CV  and 
charge-discharge  results  reveal  that  adding  0.5%  PACA  can  relieve  the  oxidation  of  electrolyte.  Conse¬ 
quently,  the  self-discharge  and  transition  metal  dissolution  are  both  suppressed  effectively,  which  is 
validated  by  self-discharge  tests,  XPS,  and  EDX  analyses.  Moreover,  using  PACA  as  an  additive  enhances 
the  capacity  retention  capability  of  LiNio.5Mn1.5O4  at  elevated  temperatures  significantly. 

Crown  Copyright  ©  2014  Published  by  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  ion  batteries  (LIBs)  are  widely  used  as  power  sources  for 
a  variety  of  devices,  such  as  consumer  electronics,  electric  tools,  and 
electric  vehicles  [1,2].  The  development  of  LIBs  requires  higher 
energy  density,  and  using  high  operating  voltage  (>4.5  V  vs.  Li/Li+) 
cathode  materials  is  a  commonly  accepted  method.  During  the  past 
few  decades,  cathode  materials  with  a  high  discharge  voltage  have 
been  proposed,  for  example,  olivine-type  LiNiP04  [3],  and  LiCoP04 
[4],  spinel-type  LiNio.5Mn1.5O4  [5]  and  LiCoMn04  [6].  Among  these 
alternatives,  LiNio.5Mn1.5O4  is  the  most  attractive  and  promising 
material  because  of  the  moderate  theoretical  specific  capacity 
(147  mAh  g_1)  and  relatively  high  operating  voltage  plateau  at 
around  4.7  V  [7].  However,  several  issues,  including  oxidation  of  the 


*  Corresponding  author.  Tel./fax:  +86  731  88836633. 

E-mail  address:  xinhai-li@csu.edu.cn  (X.  Li). 

http://dx.doi.Org/10.1016/j.jpowsour.2014.04.060 

0378-7753/Crown  Copyright  ©  2014  Published  by  Elsevier  B.V.  All  rights  reserved. 


electrolyte  at  high  voltage,  severe  self-discharge,  and  transition 
metal  dissolution,  should  be  addressed  before  its  implementation 

[8-11]. 

The  problems  mentioned  above  are  mainly  caused  by  the 
parasitic  reactions  at  the  interface  between  the  cathode  material 
and  the  electrolyte.  It  is  well  known  that  the  trace  of  water  in  the 
electrolyte  will  generate  HF  in  LiPF6-based  electrolyte,  facilitating 
the  decomposition  of  electrolyte,  eroding  the  surface  of  cathode 
material,  and  deteriorating  the  electrochemical  performance  of 
cathode  material  9,12].  In  addition,  the  main  solvent  of  electrolyte, 
like  ethylene  carbonate,  decomposes  severely  under  high  voltage 
state.  Therefore,  to  enhance  the  electrochemical  performance  of 
LiNio.5Mn1.5O4,  keeping  the  stability  of  electrolyte  is  a  vital  factor. 
On  the  one  hand,  surface  coating  was  demonstrated  an  effective 
way  to  prevent  the  side  reaction  in  the  cathode/electrolyte  inter¬ 
face.  On  the  other  hand,  exploring  solvents  supporting  high  oper¬ 
ating  voltage,  such  as  fluorinated  esters  and  ethers  [13,14],  ionic 
liquids  [15,16],  and  sulfones  [17-19],  is  also  considered  a  useful  and 
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practical  method  to  resolve  the  instability  of  electrolyte  under  high 
voltage.  In  addition,  many  film-forming  additives,  for  instance, 
glutaric  anhydride  (GA)  [20],  succinic  anhydride  (SA)  [21],  and 
lithium  bis(oxalato)borate  (LiBOB)  [22],  can  form  a  stable  film  at  the 
surface  of  LiNio.5Mn1.5O4  cathode  material.  Previous  studies  have 
confirmed  that  the  strategy  is  beneficial  to  enhance  the  cycling 
capability  at  room  and  elevated  temperatures  and  suppress  the 
self-discharge  and  transition  metal  dissolution  [20-23]. 

The  key  idea  of  these  film-forming  additives  for  high  voltage  is 
to  form  a  stable  film  at  the  surface  of  cathode  material,  segregating 
the  interaction  between  the  cathode  material  and  the  electrolyte. 
Generally,  the  additive  will  decompose  prior  to  the  main  solvent  of 
the  electrolyte,  then  the  decomposition  products  cover  the  active 
sites  of  the  cathode  material,  avoiding  the  catalytic  action  of  the 
transition  metal  ions  at  high  voltage  state  (like  Ni4+).  Thus,  we 
should  look  for  an  additive  with  lower  oxidation  potential,  or  the 
possibility  to  be  polymerized  during  the  charge  process.  Further¬ 
more,  a  large  volume  of  literature  suggests  that  phosphate-based 
compounds  and  anhydrides  are  promising  candidates  for  high 
voltage  additives  [20,21,24-26].  In  addition,  a  phosphate  com¬ 
pound,  tris(trimethylsilyl)phosphate,  was  introduced  successfully 
as  a  film-forming  additive  for  the  high  voltage  electrolyte  in  our 
previous  study.  PACA  is  a  powerful  coupling  reagent  and  water 
scavenger  in  organic  synthesis  [27,28].  Hence,  PACA  may  remove 
the  trace  water  in  the  electrolyte.  In  addition,  the  intermediate 
products  from  the  dehydration  reaction  may  polymerize  at  the 
cathode  surface  to  improve  the  interface  between  the  cathode  and 
the  electrolyte. 

Bearing  this  in  mind,  we  investigated  a  cyclic  anhydride,  PACA, 
as  a  novel  additive  for  high  voltage  electrolyte  using  Li/ 
LiNio.5Mn1.5O4  half-cells  in  this  study.  It  has  not  been  reported 
before  as  an  electrolyte  additive  for  LiNio.5Mn1.5O4  cathode  material 
as  far  as  we  know.  Moreover,  we  expect  that  it  will  polymerize  to 
form  a  stable  protecting  layer  at  the  cathode  surface,  enhancing  the 
electrochemical  performance  of  LiNio.5Mn1.5O4. 

2.  Experimental 

2.1  Electrode  preparation 

The  electrolyte  consisting  of  ethylene  carbonate  (EC)/ethyl 
methyl  carbonate  (EMC)  (3:7  in  wt.  ratio)  containing  1  M 
(1  M  =  1  mol  L-1)  LiPF6  (marked  as  BE)  was  kindly  provided  by  the 
Jiangxi  Youli  New  Materials  Co.  Ltd.  The  PACA  solution  (50  wt.  %  in 
ethyl  acetate)  was  purchased  from  Protech  Science  Corp.  (USA),  and 
it  was  added  to  BE  to  a  final  PACA  wt.  %  of  0.5%  without  further 
purification  in  the  glove  box  under  Ar  atmosphere.  The 
LiNio.5Mn1.5O4  (Xing  Neng  New  Materials  Co.  Ltd,  China)  electrode 
was  prepared  by  mixing  80  wt.  %  cathode  materials,  10  wt.  %  Super 
P  carbon,  10  wt.  %  polyvinylidene  fluoride  (PVDF),  coating  on  an 
aluminum  foil. 

2.2.  Electrochemical  tests 

Cyclic  voltammetry  experiments  were  performed  with  an 
Electrochemical  Workstation  (CHI604E,  Chenhua,  China)  at  a 
sweep  rate  of  0.1  mV  s-1.  The  electrochemical  impedance  spectra 
(EIS)  of  the  cells  at  100%  state  of  charge  (SOC)  after  25  and  50  cycles 
were  measured  over  a  frequency  range  from  100  kHz  to  0.01  Hz. 
Self-discharge  tests  were  performed  according  to  the  following 
procedure.  First,  the  fresh  cells  were  charged  to  a  cut-off  voltage  to 
4.9  V  with  a  constant  current  of  0.2  C  (1C  =  110  mA  g_1),  followed 
by  a  constant  voltage  charge  to  a  cut-off  current  to  0.05  C.  Then,  the 
cells  were  left  under  OCV  conditions  for  336  h  (2  weeks).  Electro¬ 
chemical  charge— discharge  tests  were  performed  with  2025  coin¬ 


type  cells  utilizing  a  Neware  battery  cycler  between  3.5  and  4.9  V 
(vs.  Li/Li+)  at  room  temperature. 

2.3.  Ex  situ  characterization  of  the  cycled  LiNi0.5Mni5O4  and  the 
separator 

To  analyze  the  surface  composition  of  the  cycled  electrode,  the 
cells  were  disassembled  in  the  glove  box  filled  with  Ar  gas.  The 
cathode  was  washed  by  high  purity  dimethyl  carbonate  (DMC) 
three  times  to  remove  the  electrolyte  residue  under  magnetic 
stirring,  and  then  was  dried  in  vacuum  box  at  40  °C  for  6  h.  For  the 
purpose  to  detect  the  transition  metal  dissolution,  the  separator 
was  not  washed  by  DMC.  The  crystal  structure  of  the  cathode 
electrodes  were  determined  by  X-ray  diffraction  (XRD,  Cu  Ka  ra¬ 
diation,  Rint-2000,  Rigaku).  The  morphology  of  the  cathode  elec¬ 
trodes  and  separator  were  observed  by  a  scanning  electron 
microscope  (SEM,  Sirion  200).  The  elements  at  the  surface  of  the 
separator  were  identified  by  energy  dispersive  X-ray  spectroscopy 
(EDX).  X-ray  photoelectron  spectroscopy  (XPS,  PHI  5600,  Perkin- 
Elmer)  was  employed  to  identify  the  element  composition  at  the 
cathode  surface.  Fourier  transform  infrared  (FTIR)  spectra  of  the 
electrode  were  recorded  by  a  Nicolet  AVATAR  360  FT-IR 
spectrometer. 

3.  Results  and  discussion 

Fig.  1(a)  shows  the  charge-discharge  curves  of  Li/LiNio.sMni.sCH 
cells  at  0.2  C  in  the  electrolyte  with  and  without  PACA.  As  expected, 


Fig.  1.  The  charge-discharge  curves  (a),  and  the  cyclic  voltammograms  (b)  of  the  Li/ 
LiNio.5Mn1.5O4  cells  in  the  electrolyte  with  and  without  PACA. 
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the  charge  capacity  (156.8  mAh  g-1)  of  the  cell  with  PACA  is 
decreased  compared  with  that  without  PACA  (173.5  mAh  g1), 
indicating  that  the  solid  electrolyte  interface  with  the  participating 
of  PACA  can  prevent  the  severe  decomposition  of  the  solvent. 
Therefore,  the  initial  coulombic  efficiency  (70.60%)  of  the  cell  with 
PACA  is  higher  than  that  without  PACA  (61.90%).  In  addition,  we  can 
see  that  there  is  a  strong  oxidation  peak  at  around  5.2  V  in  the  cells 
without  PACA  from  Fig.  1(b),  while  it  does  not  appear  in  the  cells 
with  0.5%  PACA.  The  result  is  consistent  with  the  charge— discharge 
curves,  demonstrating  that  the  addition  of  PACA  can  decrease  the 
solvent  decomposition  effectively.  Moreover,  the  anodic  peak 
(about  4.85  V)  is  corresponding  to  the  oxidation  of  the  Ni2+,  and  the 
cathodic  peak  around  4.45  V  can  be  attributed  to  the  reduction  of 
Ni4+.  The  redox  voltage  difference  is  as  high  as  0.40  V,  which  im¬ 
plies  the  polarization  of  the  LiNio.5Mn1.5O4  cathode  material  used  in 
our  study  is  severe.  It  is  the  main  reason  why  the  coulombic  effi¬ 
ciencies  of  the  cells  with  and  without  PACA  are  both  lower  than  that 
represented  in  other  literature  [24,29]. 

As  shown  in  Fig.  2(a),  the  cycling  performance  of  the  cell  cycled 
in  BE  sample  is  almost  the  same  with  that  the  cell  cycled  in 
BE  +  0.5%  PACA  sample.  The  discharge  capacity  of  the 
LiNio.5Mn1.5O4  cycled  in  the  electrolyte  with  PACA  is  just  slightly 
higher  than  that  without  PACA.  It  should  be  noted  that  the 
discharge  capacity  at  25  cycles  is  decreased  apparently,  especially 
for  the  cell  cycled  in  the  electrolyte  without  PACA.  In  our  test 
procedure,  the  cell  waits  for  the  EIS  test  after  25  cycles  at  100%  SOC, 
and  the  following  discharge  test  is  declared  a  couple  of  hours.  This 
phenomenon  reminds  us  that  there  exists  a  severe  self-discharge  of 
the  LiNio.5Mn1.5O4  cathode  material,  which  was  confirmed  by  the 
previous  study  [9,21].  In  addition,  we  tracked  the  coulombic  effi¬ 
ciency  of  the  cells  during  the  cycling  process  at  a  relatively  low  C 
rate  (0.2  C)  because  it  can  reflect  the  situation  of  electrolyte 
oxidation  [9].  It  can  be  seen  apparently  that  the  coulombic  effi¬ 
ciency  of  the  cells  with  PACA  is  improved  in  comparison  with  the 
cells  without  PACA  from  Fig.  2(b). 


(a) 


Time  (week) 

Fig.  3.  The  OCV-t  curves  of  the  Li/LiNi0.5Mni.5O4  cells  in  the  electrolyte  with  and 
without  PACA  after  having  been  fully  charged  (100%  SOC)  for  336  h. 

Generally,  the  PF5  (comes  from  the  lithium  salt,  LiPFe)  will  react 
with  the  trace  water  of  the  electrolyte  to  generate  HF.  Meanwhile, 
the  decomposition  products  of  carbonate  solvents  (Li2C03,  ROLi) 
will  interact  with  HF  to  generate  LiF,  which  will  deposit  at  the 
surface  of  the  cathode  material.  Thus,  the  more  decomposition  of 
the  carbonate  solvents  proceeds,  the  more  LiF  is  in  the  solid  elec¬ 
trolyte  interface.  In  addition,  more  content  of  the  LiF  at  the  surface 
will  increase  the  impedance  of  the  cell  due  to  the  poor  electrical 
conductivity.  EIS  results  of  the  cells  after  25  and  50  cycles  reveal 
that  impedance  of  the  cells  with  PACA  is  reduced  as  can  be  seen  in 
Fig.  2(c)  and  (d).  The  results  of  charge-discharge  and  EIS  tests 
demonstrate  that  the  addition  of  PACA  is  beneficial  to  suppress  the 
decomposition  of  electrolyte  through  stabilizing  the  solid  electro¬ 
lyte  interface  at  the  cathode  surface. 

To  verify  the  discharge  capacity-dropping  phenomenon 
mentioned  above,  the  self-discharge  tests  were  carried  out  and  the 
results  are  presented  in  Fig.  3.  Interestingly,  the  OCV-t  curves  are 
very  familiar  with  the  discharge  curves  of  the  LiNio.5Mn1.5O4 


(b) 


Fig.  2.  The  cycling  performance  (a),  and  the  coulombic  efficiency  (b)  of  the  Li/LiNio.5Mni.504  cells  with  and  without  PACA;  the  EIS  of  the  Li/LiNi0.5Mni.5O4  cells  with  and  without 
PACA  after  25  cycles  (c),  50  cycles  (d). 
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cathode  material.  There  are  two  plateaus  in  the  O CV-t  curves  for 
both  cells  in  the  electrolyte  with  and  without  PACA.  During  the  self¬ 
discharge  process,  the  fully  charged  state  LiNio.5Mn1.5O4 
(Nio.5Mn1.5O4)  will  catalyze  oxidation  of  electrolyte,  and  the  Ni4+ 
will  be  reduced  to  form  LixNio.5Mn1.5O4.  The  one  around  4.74  V  is 
ascribed  to  the  reduction  of  Ni4+  to  Ni3+,  and  the  other  located 
around  4.7  V  is  assigned  to  the  reduction  of  Ni3+  to  Ni2+.  The  two 
plateaus  at  about  4.7  V  associate  with  the  lithium  ions  insertion 
into  8a  tetrahedral  sites  of  the  cubic  spinel  structure.  In  addition, 
the  prolonged  plateau  around  2.90  V  in  the  OCV—t  curve  of  the  BE 
sample  is  attributed  to  the  reduction  of  Mn4+  to  Mn3+  involving  Li+ 
ions  insertion  into  16c  octahedral  sites  of  the  spinel  structure  [11]. 
Furthermore,  the  OCV  of  the  cells  with  0.5%  PACA  can  maintain 
4.27  V  after  336  h  (2  weeks).  In  contrast,  the  OCV  of  the  cells  with 
BE  sample  drops  to  2.90  V  after  336  h.  The  results  are  in  accordance 
with  the  analyses  of  the  charge-discharge  experimental  data, 
namely  the  self-discharge  is  suppressed  considerably  when  the 
additive  is  introduced  into  the  electrolyte. 

Infrared  spectroscopy  has  been  confirmed  a  useful  tool  to 
identify  the  cation  ordering  in  LiNio.5Mn1.5O4  [11,15,30,31  ].  In  order 
to  figure  out  the  reason  that  the  addition  of  PACA  restrains  the  self¬ 
discharge  of  LiNio.5Mn1.5O4  cathode  material,  FTIR  spectra  of  fresh 
LiNio.5Mn1.5O4  and  cycled  LiNio.5Mn1.5O4  electrode  samples  were 
obtained  as  shown  in  Fig.  4(a).  As  we  can  see  clearly,  two  IR  modes 
around  500  and  621  cm'1  are  both  split  into  several  components  in 
all  three  samples,  which  illustrate  that  the  fresh  and  cycled  samples 
are  ordered  spinel  structure  because  the  IR  modes  at  500  and 
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Fig.  4.  The  infrared  spectra  (a)  and  the  XRD  patterns  (b)  of  the  fresh  and  cycled 
LiNio.5Mn1.5O4  electrode  samples. 


621  cm-1  will  not  be  split  in  a  disordered  spinel  structure  [11,29]. 
Moreover,  we  obtained  the  XRD  patterns  of  the  fresh  LiNio.5Mn1.5O4 
and  cycled  LiNio.5Mn1.5O4  electrode  as  shown  in  Fig.  4(b).  All  Bragg 
peaks  in  LiNio.5Mn1.5O4  electrode  samples  are  matched  well  with 
the  reference  peak  positions  of  LiNio.5Mn1.5O4  (JCPDS#  80-2126) 
except  the  peaks  ascribed  to  the  Al  current  collector.  The  results  are 
in  good  agreement  with  the  IR  analyses.  Therefore,  the  spinel 
structure  is  not  destroyed  based  on  the  IR  and  XRD  analyses  even 
though  the  LiNio.5Mn1.5O4  electrode  displays  a  severe  self¬ 
discharge.  It  also  can  be  proved  by  the  excellent  cyclic  capability 
of  the  LiNio.5Mn1.5O4  as  shown  in  Fig.  2(a). 

Fig.  5  shows  the  SEM  images  of  fresh  LiNio.5Mn1.5O4  (a),  cycled 
LiNio.5Mn1.5O4  in  the  electrolyte  sample  BE  (b)  and  BE  +  0.5%  PACA 
(c).  The  fresh  LiNio.5Mn1.5O4  particles  present  a  smooth  surface, 
while  the  cycled  LiNio.5Mn1.5O4  particles  display  a  rough  surface.  It 
suggests  that  the  decomposition  products  of  electrolyte  deposit  at 
the  surface  of  cathode  material.  In  addition,  it  is  more  obvious  for 
cycled  LiNio.5Mn1.5O4  in  the  electrolyte  sample  BE  compared  with 
that  in  the  electrolyte  sample  BE  +  0.5%  PACA,  which  indicates  that 
the  electrolyte  oxidation  may  proceed  more  serious  for  the  elec¬ 
trolyte  sample  BE. 

XPS  analyses  are  considered  a  valid  tool  to  determine  the 
valence  of  the  element.  Due  to  the  self-discharge,  the  voltage  of  the 
cell  is  decreased  obviously,  and  the  oxidation  of  the  electrolyte  will 
result  in  the  variation  of  the  valence  state  of  transition  metal  ions  in 
LixNio.5Mn1.5O4.  It  is  meaningful  to  analyze  the  valence  state  of  Ni 
and  Mn.  Fig.  6  presents  the  Ni  2p  and  Mn  2p  XPS  patterns  of  the 
LixNio.5Mn1.5O4  electrode  in  BE  and  BE  +  0.5%  PACA  sample.  From 
Fig.  6(a)  and  (c),  the  XPS  spectra  of  Ni  2p3/2  display  a  peak  at 
854.2  eV  and  a  satellite  peak  at  860.68  eV,  which  are  close  to  that 
reported  for  NiO  32,33].  In  addition,  the  peak  at  857.78  eV  can  be 
assigned  to  NiF2  [10,29],  which  is  the  product  of  the  electrolyte 
oxidation  at  the  cathode  surface.  Thus,  almost  all  of  the  Ni4+  at  the 
surface  of  Nio.5Mn1.5O4  electrode  with  BE  sample  are  reduced  to 
Ni2+.  While  for  the  LixNio.5Mn1.5O4  electrode  with  BE  +  0.5%  PACA, 
there  is  a  strong  peak  at  856.28  eV  attributed  to  Ni3+  [34],  except 
for  the  peaks  at  854.48  and  860.98  eV  ascribed  to  Ni2+.  The  Mn 
spectrum  displays  two  peaks  because  of  the  Mn  2p3/2  and  the  Mn 
2pl/2  as  shown  in  Fig.  6(b)  and  (d).  For  the  LixNio.5Mn1.5O4  elec¬ 
trode  with  BE  +  0.5%  PACA  sample,  these  peaks  locate  in  642.18/ 
653.98  eV,  while  they  are  slightly  shifted  to  641.67/653.28  eV  for 
the  LixNio.5Mn1.5O4  electrode  with  BE  sample.  It  has  been  found  the 
binding  energy  for  Mn4+  is  higher  than  that  for  Mn3+:  642.2— 
642.8  eV  for  Mn4+  and  641.7-642.2  eV  for  Mn3+  [35].  Therefore, 
there  is  Mn3+  in  the  LixNio.5Mn1.5O4  with  the  BE  sample  as  the  peak 
at  641.67  eV  is  close  to  the  peak  for  Mn3+  (641.7  eV).  These  valence 
variations  of  transition  metal  are  in  good  agreement  with  the  OCV- 
t  curve  analyses. 

To  investigate  the  effect  of  the  PACA  on  the  surface  modifica¬ 
tion  of  LiNio.5Mn1.5O4  electrode  further,  XPS  was  employed  to 
determine  the  surface  composition  of  the  fresh  and  cycled  elec¬ 
trode  as  shown  in  Fig.  7,  and  the  elements  concentration  was  listed 
in  Table  1.  After  rest  for  2  weeks  (it  was  100%  SOC  before),  the 
surface  constitution  varied  considerably.  The  content  of  F  and  P  at 
the  surface  of  the  cycled  electrode  is  both  increased  compared 
with  the  fresh  electrode.  From  Fig.  7,  we  can  distinguish  that  the 
intensity  of  the  peaks  (678.2  eV)  assigned  to  PVDF  is  the  same, 
while  the  content  of  LiF  is  increased  obviously.  Specifically,  the 
amount  of  LiF  at  the  surface  of  the  cycled  electrode  in  BE  +  0.5% 
sample  (30.49%)  is  lesser  than  that  in  BE  sample  (36.31%).  As  for  O 
Is,  the  relative  atomic  ratio  of  Metal-0  bonds  in  the  BE  sample 
(16.60%)  is  the  lowest.  In  contrast,  the  amount  of  C=0  bonds  is  the 
largest  (57.90%).  In  addition,  the  intensity  of  P  2p  for  the  electrode 
with  BE  sample  is  also  stronger  than  that  with  BE  +  0.5%  PACA 
sample.  These  results  elucidate  that  the  decomposition  of  the  BE 
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Fig.  5.  The  SEM  images  of  fresh  LiNio.5Mn1.5O4  (a),  cycled  LiNio.5Mn1.5O4  in  the  electrolyte  sample  BE  (b)  and  BE  +  0.5%  PACA  (c). 


Fig.  6.  The  Ni  2p  XPS  patterns  of  the  cycled  LiNio.5Mn1.5O4  electrode  in  BE  (a),  and  BE  +  0.5%  PACA  (c);  the  Mn  2p  XPS  patterns  of  the  cycled  LiNio.5Mn1.5O4  electrode  in  BE  (b),  and 
BE  +  0.5%  PACA  (d). 
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FIs  Ols  P2p 


Fig.  7.  The  F  Is,  0  Is,  and  P  2p  XPS  patterns  of  the  fresh  LiNio.5Mn1.5O4  electrode  (a),  and  cycled  LiNio.5Mn1.5O4  electrode  in  the  electrolyte  sample  BE  (b)  and  BE  +  0.5%  PACA  (c). 


electrolyte  is  more  severe  than  the  BE  +  0.5%  PACA  sample. 
Consequently,  there  are  more  decomposition  products  of  the 
electrolyte  (like  LiF,  U2CO3,  ROLi)  covered  at  the  surface  of 
LiNio.5Mn1.5O4  electrode. 

In  consideration  of  the  transition  metal  dissolution  of 
LiNio.5Mn1.5O4,  the  EDX  spectra  of  the  fresh  separator,  and  the 
cycled  separator  with  BE  and  BE  +  0.5%  PACA  samples  were  ob¬ 
tained  as  shown  in  Fig.  8.  The  fresh  separator  displays  some 
tunnels  along  a  specific  direction,  and  the  EDX  results  validate  it 
consists  of  C  (H  cannot  be  detected  in  EDX  measurement)  as  can 
be  seen  in  Fig.  8(a).  While  for  the  separator  cycled  in  BE  elec¬ 
trolyte  (Fig.  8(b)),  it  is  covered  with  lots  of  deposits  with  a  rough 
surface.  It  should  be  noted  that  the  bright  spot  in  Fig.  8(b)  might 
be  the  LiNio.5Mn1.5O4  cathode  material  stuck  in  the  separator  as 
the  Ni/Mn  atomic  ratio  (0.3822  from  the  EDX  result)  is  close  to  the 
XPS  results  (0.3892)  from  Table  1.  Nevertheless,  the  gray  area  in 
the  separator  still  has  some  Ni  and  Mn  in  it.  Hence,  EDX  results  in 


Table  1 

The  element  concentration  of  the  fresh  and  cycled  LiNio.5Mn1.5O4  electrode. 


Elements 

Li 

C 

O 

F 

P 

Ni 

Mn 

Fresh 

2.16 

64.64 

13.20 

16.73 

/ 

0.84 

2.43 

BE 

9.54 

45.07 

20.19 

19.94 

2.70 

0.72 

1.85 

BE  +  0.5%  PACA 

7.02 

48.29 

18.72 

19.80 

2.49 

1.01 

2.67 

different  area  (red  rectangle)  reveal  that  the  deposits  contain  Ni 
and  Mn  element,  which  originates  from  the  LiNio.5Mn1.5O4  cath¬ 
ode  material  due  to  the  transition  metal  dissolution.  In  contrast, 
the  separator  from  BE  +  0.5%  PACA  sample  shows  a  relatively 
smooth  surface,  and  it  does  not  contain  any  Ni  and  Mn  at  the 
surface.  Based  on  XPS  and  EDX  analyses,  the  additive  can  stop  the 
transition  metal  dissolution  of  LiNio.5Mn1.5O4  by  altering  the  solid 
surface  interface. 

On  the  basis  of  the  self-discharge  tests,  SEM,  XPS  and  EDX  an¬ 
alyses,  we  proposed  the  mechanism  of  PACA  as  an  additive  to 
improve  the  electrochemical  performance  of  LiNio.5Mn1.5O4  as 
shown  in  Fig.  9(a).  The  carbonate  solvent  will  be  oxidized  at  the 
cathode  surface  due  to  the  inherent  chemical  instability  when  the 
charge  voltage  is  larger  than  4.5  V  (vs.  Li/Li+).  It  will  cause  the 
transmission  of  electron  from  electrolyte  to  the  cathode  material, 
leading  to  the  decrease  of  coulombic  efficiency  [21,36—38  .  The 
oxidation  of  electrolyte  will  result  in  a  drop  of  open  circuit  voltage 
(self-discharge)  while  the  cell  rest  at  a  charged  state.  During  the 
cycling  performance,  this  severe  oxidation  of  electrolyte  may  cause 
the  transition  metal  dissolution,  especially  for  the  disproportioned 
reaction  of  Mn3+.  When  the  PACA  is  introduced  into  the  blank 
electrolyte,  it  will  polymerize  at  the  surface  of  the  cathode  elec¬ 
trode,  forming  a  stable  cathode/electrolyte  interface  because  of  the 
P-O-M  (M  =  Ni,  Mn)  bonds.  Meanwhile,  this  improved  solid 
electrolyte  interface  film  can  relieve  the  oxidation  of  carbonate 
solvent,  enhancing  the  electrochemical  performance  of  the 


G.  Yan  et  al.  /  Journal  of  Power  Sources  263  (2014)  231-238 


237 


Fig.  8.  The  SEM  images  and  EDX  of  the  fresh  separator  (a),  cycled  separator  in  BE  (b)  and  BE  +  0.5%  PACA  (c)  sample. 


LiNio.5Mn1.5O4  cathode  material.  Moreover,  the  elevated  tempera¬ 
tures  will  accelerate  the  decomposition  of  the  carbonate  solvent  at 
high  voltage  state,  which  will  deteriorate  the  cathode/electrolyte 
interface.  In  contrast,  this  parasitic  reaction  will  be  relieved  with 
the  relatively  stable  surface  film  derived  from  PACA.  Thus,  we  car¬ 
ried  out  the  electrochemical  tests  at  55  °C  further,  and  the  results 
are  shown  in  Fig.  9(b).  Apparently,  the  LiNio.5Mn1.5O4  electrode 
displays  improved  cycling  performance  at  elevated  temperatures 
when  PACA  is  introduced  to  the  blank  electrolyte. 


4.  Conclusions 

A  cyclic  anhydride  additive,  PACA,  was  successfully  introduced 
to  the  electrolyte  for  improving  the  electrochemical  performance  of 
the  LiNio.5Mn1.5O4.  CV  and  charge-discharge  tests  confirmed  that 
the  electrolyte  oxidation  was  relieved  by  adding  0.5%  PACA  into  the 
blank  electrolyte.  Combined  with  the  self-discharge  tests,  XPS,  and 
EDX  results,  the  self-discharge  and  transition  metal  dissolution  of 
LiNio.5Mn1.5O4  were  suppressed  effectively.  As  a  result,  the  cycling 
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Fig.  9.  Schematic  diagram  to  illustrate  the  beneficial  effect  of  PACA  on  LiNio.5Mn1.5O4  cathode  material  (a),  the  cycling  performance  of  the  Li/LiNio.5Mni.504  cells  in  the  electrolyte 
with  and  without  PACA  at  elevated  temperatures  (b). 


performance  of  LiNio.5Mn1.5O4  at  elevated  temperatures  was 
enhanced  significantly,  although  the  capacity  retention  almost 
remained  the  same  at  room  temperature. 
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